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We have conducted a study of hydrothermal plumes overlying the Mid-Atlantic Ridge near 5° S to investigate whether there is a significant
export flux of dissolved Fe from hydrothermal venting to the oceans. Our study combined measurements of plume-height Fe concentrations from a
series of 6 CTD stations together with studies of dissolved Fe speciation in a subset of those samples. At 2.5 km down plume from the nearest
known vent site dissolved Fe concentrations were ∼20 nM. This is much higher than would be predicted from a combination of plume dilution
and dissolved Fe(II) oxidation rates, but consistent with stabilisation due to the presence of organic Fe complexes and Fe colloids. Using
Competitive Ligand Exchange–Cathodic Stripping Voltammetry (CLE–CSV), stabilised dissolved Fe complexes were detected within the
dissolved Fe fraction on the edges of one non-buoyant hydrothermal plume with observed ligand concentrations high enough to account for
stabilisation of ∼4% of the total Fe emitted from the 5° S vent sites. If these results were representative of all hydrothermal systems, submarine
venting could provide 12–22% of the global deep-ocean dissolved Fe budget.
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Although it has long been recognised that Fe acts as an
essential micronutrient for phytoplankton growth (Morel et al.,
2004; Pollard et al., 2007), the debate over its sources and sinks
persists (Ussher et al., 2004). One potential source of Fe to the
surface ocean is through upwelling of dissolved Fe released
from deep-sea hydrothermal vents (Coale et al., 1991; Boyle
et al., 2005)—but this would require dissolved Fe to be stabi-⁎ Corresponding author: Tel.: +44 2380 596003; fax: +44 2380 596149.
E-mail address: saroban@noc.soton.ac.uk (S.A. Bennett).
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0012-821X/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsl.2008.01.048lised in some form as it disperses away from a vent-site. This
appears problematic because when vent-fluids first enter the
base of the water column abundant polymetallic particulate
phases are formed: predominantly Fe-rich sulfides and Fe
oxyhydroxides (Feely et al., 1987). In earlier work, it was often
assumed that hydrothermal inputs of dissolved Fe to the deep-
ocean should be negligible (Mottl and McConachy, 1990;
German et al., 1991). More recently, however, it has been
recognised that dissolved Fe(II) oxidation rates vary system-
atically along the thermohaline conveyor; and in the Pacific and
Indian Oceans a significant proportion of hydrothermally-
sourced dissolved Fe(II) can persist at least as far as non-
buoyant plume height (Field and Sherrell, 2000; Statham et al.,
2005). Is it possible, therefore, that a significant flux of dis-
solved Fe, originating from hydrothermal vents, may be ex-
ported to the deep-ocean?
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in both the surface and deep-ocean (Millero, 1998) and N99% of
dissolved Fe (dFe, that fraction passing through a 0.4 µm filter
(Cullen et al., 2006)) is complexed by stable organic ligands
(Gledhill and Van den Berg, 1994; Rue and Bruland, 1997; Van
den Berg, 2006). Organic Fe complexation will reduce the re-
activity of the Fe species, preventing precipitation of Fe and
scavenging into/onto particulate phases. In the deep open-ocean
an average concentration of 0.7 nM dissolved Fe exists (ranging
from 0.4 to 1 nM)(Bergquist and Boyle, 2006) in association with
Fe binding ligands that are present in concentrations ranging from
0.7 to 1.4 nM, with conditional stability constants (log K′Fe′L)
ranging from 11.4 to 12.2 (Boye et al., 2001; Cullen et al., 2006).
These highK′Fe′L values, it is argued, indicate a biological (hence,
organic) origin for part of this ligand fraction (van Leeuwen and
Town, 2005).
Organic interaction with hydrothermal Fe has been suggested
previously, from a study of dissolved Fe(II) oxidation rates in non-
buoyant hydrothermal plumes overlying the Central Indian Ridge
(Statham et al., 2005). More recently, measurements of a de-
creased fraction of reactive Fe in the vent fluids at the Logatchev
vent-site (15°N, Mid-Atlantic Ridge) has been used to specula-
tively suggest increased complexation of Fe, for example with
sulfur or organic compounds (Schmidt et al., 2007). Such com-
plexes, if formed within buoyant hydrothermal plumes, would
certainly have the potential to sustain enhanced dissolved Fe
concentrations at least as far as non-buoyant plume height.
Exploration for, and study of, hydrothermal systems along
the southern Mid-Atlantic Ridge was initiated to test the hypo-Fig. 1. Location map of the three high-temperature vent-sites recently located at 5° S M
together with locations of CTD-stations occupied for this study (German and Parsontheses concerning what controls the biogeography and biodi-
versity of vent-fauna around the global ridge-crest (Van Dover
et al., 2002). Once located, however, the 5° S area has provided
an ideal natural laboratory for the study of Fe stabilisation in
non-buoyant hydrothermal plumes because the study area is
geographically intermediate between the Logatchev and Indian
Ocean hydrothermal systems: at 5° S on the Southern Mid-
Atlantic Ridge (German and Parson, 2005).
2. Geological setting and sample collection
All samples for this work were collected during RRS Charles
Darwin Cruise CD169 in March 2005 from non-buoyant
hydrothermal plumes overlying the Southern Mid-Atlantic Ridge
near 5° S (German and Parson, 2005). These plumes were in the
locality of three known high-temperature vent fields: Red Lion,
Turtle Pits and Comfortless Cove (Koschinsky et al., 2006b;
Haase et al., 2007; German et al., submitted for publication), all
of which are located within 2 km of each other and close to the
axial summit of a 2nd order segment of this slow-spreading ridge
(Fig. 1).
Water column samples were collected using 10-L externally-
sprung Niskin bottles mounted on a 24 position rosette frame
fitted with a SeaBird SBE 9/11+CTD. Samples were collected
with the aid of real-time feedback from an in situ transmiss-
ometer (Chelsea Alphatracka MKII, path length 25 cm), inter-
faced to the SeaBird CTD.
On recovery of the CTD-rosette on-deck, an initial suite of
water samples were drawn directly into acid-cleaned 1 L lowAR (Koschinsky et al., 2006b; Haase et al., 2007; German et al., in preparation)
, 2005).
159S.A. Bennett et al. / Earth and Planetary Science Letters 270 (2008) 157–167density polyethylene (LDPE, Nalgene) bottles (following 3-fold
rinsing) for the analysis of total dissolvable Fe and Mn (TdFe
and TdMn). Each Niskin bottle was then transferred to a clean-
laboratory container on-board the ship, where further water
samples were taken by filtration under pressure (N2 gas) through
an acid cleaned 0.4 µm membrane filter (Whatman, polycarbo-
nate, 47 mm). The filtrate was collected into acid cleaned 125 ml
LDPE bottles for the analysis of dissolved Fe (dFe). All samples
were subsequently acidified with Quartz sub-boiled distilled
nitric acid (to pH 1.6) with the exception of a sub-sample of the
filtered water (500 ml) that was taken from selected Niskin
bottles, collected in acid cleaned Teflon bottles and immediately
frozen for shore-based speciation studies (Gledhill and Van den
Berg, 1994; Rue and Bruland, 1995; Van den Berg, 2006). Sam-
ples were selected based on the transmissometer profile, sampling
top-to-bottom across the full thickness of a pronounced particle-
rich, non-buoyant plume. All further analysis was carried out on-
shore at the National Oceanography Centre, Southampton, UK.
3. Laboratory methods
3.1. Quantification of Fe and Mn
Fe and Mn measurements were carried out using Graphite
Furnace Atomic Absorption Spectroscopy (GFAAS) after a
preconcentration step. This involved chelation of the metals in
the seawater sample with ammonium 1-pyrrolidine dithiocar-
bamate (APDC, Aldrich) and diethyldithiocarbamic acid, as the
diethyl ammonium salt (DDDC, Aldrich), followed by solvent
extraction with HPLC grade chloroform (CHCl3, Fisher) and
back extraction into quartz distilled concentrated HNO3 (Fisher)
(Bruland et al., 1979; Statham, 1985). GFAAS measurements
were carried out using a Perkin Elmer AAnalyst 800 Atomic
Absorption Spectrometer and calibration was carried out with
a diluted 1000 µg/L Fe and Mn standard (Sigma Aldrich). The
method was validated with a certified reference material and
the detection limit was 1.2 nM for Fe and 0.18 nM for Mn
(n=3). The detection limit was calculated from blank analysis
of sub-boiled distilled water treated in the same way as the
samples.
3.2. Speciation analysis of dFe
3.2.1. Overview of the CLE–CSV technique
CLE–CSVanalysis was carried out on selected plume samples
to determine the presence of Fe stabilising ligands, assuming that
any unbound inorganic Fe(II) in this Atlantic setting would have
been oxidised by the time of sampling (Rudnicki and Elderfield,
1993). The technique uses a competitive reaction between the
natural ligands present in a sample and an added, well-charac-
terised, synthetic ligand. For this purpose, the sample was titrated
with Fe(III), in the presence of TAC, enabling the determination
of the stability constant of any unbound or competitively released
ligands. The overall total ligand concentration, [L] (which in-
cludes both complexed and uncomplexed free organic ligands,
inorganic colloidal ligands and crystalline Fe hydrolysis products
(Gledhill and Van den Berg, 1995)) can then be calculated fromequilibrium principles (Ruzic, 1982; Van den Berg, 1982). The
theory for CLE–CSV has been described in detail in a number of
prior publications (Gledhill and Van den Berg, 1994; Van den
Berg, 1995; Wu and Luther, 1995; Croot and Johansson, 2000)
but is restated succinctly, below.
The equilibrium between the natural ligands present in
seawater and the Fe present is expressed by:
FeVþ LVX FeL ð1Þ
Where L′ is the free organic ligand within the system, Fe′ is
the labile Fe i.e. Fe3+ species not bound in strong complexes, and
FeL is the Fe ligand complex. The conditional stability constant
for the formation of the complex FeL (K′Fe′L) is defined as:
K VFeVL ¼ FeL½ = FeV½   LV½  ð2Þ
Where K′Fe′L is the conditional stability constant with respect
to Fe′ (Croot and Johansson, 2000). On addition of a competing
ligand, 2-(2thiazolylazo)-p-cresol (TAC), a new equilibrium is set
up and the TAC ligand competes with natural ligands for the
complexation of the labile fraction of Fe′ in the sample i.e. the
weakly bound organic species in the FeL fraction as well as
inorganic Fe species (Gledhill and Van den Berg, 1994). The Fe
(TAC)2 complex is electrochemically active and therefore can be
detected by CSV.
The concentration of FeL can be calculated at each level of
Fe addition during the titration. This requires knowledge of the
total Fe concentration in the sample i.e. Fe initially present plus
Fe added during the titration, and subtracting the Fe(TAC)2
concentration. CSV determines a current (Ip) which relates to the
concentration of Fe(TAC)2 via the sensitivity, S:
Ip ¼ S  Fe TACð Þ2
  ð3Þ
S can be obtained from the gradient (Ip vs added Fe) at en-
hanced concentrations of total Fe when all the natural organic
ligands are saturated and a straight line is observed. A curvature
will be observed at low Fe additions because the added Fe will
complex initially with any free (non Fe-bound) ligands.
The total ligand concentration and the conditional stability
constant can be solved using the Langmuir transformationmethod
(or Van den Berg/Ruzic transformation) based on the following
linear equation (Ruzic, 1982; Van den Berg, 1982):
Fe3þ
 
= FeL½  ¼ Fe3þ =CL þ 1= K VFeLCLð Þ ð4Þ
WhereCL is the total natural ligand andK′FeL is the conditional
stability constant with respect to Fe3+. [Fe3+] is directly related to
the Fe(TAC)2 concentration by α′:
Fe3þ
  ¼ Fe TACð Þ2
 
=aV ð5Þ
Where α′ is the overall α coefficient for inorganic complexation
and complexation by TAC i.e. α′=α′Fe+α′Fe(TAC)2. In this study,
the inorganic side reaction coefficient for Fe′was taken as logα′Fe=
10 and for TAC as logα′Fe(TAC)2=12.4 (Rue and Bruland, 1995;
Croot and Johansson, 2000) and therefore α′ can be calculated.
Using Eq. (5) to substitute for Fe3+ in Eq. (4), is convenient as a
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during the experiment. Final substitution and rearrangement results
in Eq. (7), which is suitable for solving CL and K′Fe′L.
Fe TACð Þ2
 
= FeL½  ¼ Fe TACð Þ2
 
=CL þ aV= K VFeLCLð Þ ð6Þ
FeV½ = FeL½  ¼ FeV½ =CL þ 1= K VFeVLCLð Þ ð7Þ
Therefore the ratio of [Fe′]/[FeL] can be plotted against [Fe′]
giving a straight line and the y intercept and slope of the line can
be used to obtain K′Fe′L and CL (Rue and Bruland, 1995):
Slope ¼ 1=CL
y intercept ¼ 1= K VFeVLCLð Þ
3.2.2. Titration procedure for ligand determination
The titration procedure closely followed that of Croot and
Johansson (2000), with overnight defrosting and gentle mixingFig. 2. Vertical depth profiles of Fe concentrations and light transmission for station
(2600–3000 m depth). Closed circles represent total dissolvable Fe (TdFe) concentr
filtered seawater samples. The solid line on the right hand side of each plot indicate
bottle sampling.of the frozen samples. In a laminar flow hood, multiple 10 ml
sub-samples of the defrosted filtered seawater were pipetted into
a series of Teflon pots (25 ml, Nalgene) and each sample was
treated identically, as described below, with a 15 min time-lag
between the processing of each successive sub-sample. First,
samples were buffered using 1 M N-(2-hydroxyethyl)piper-
azine-N′;-2-propanesulfonic acid (EPPS, pH 8) that had been
cleaned using a Chelex-100 column (Donat and Bruland, 1988)
and then titrated with Fe ranging from 0 to 20 nM (0–30 nM for
the more concentrated samples). Next, the Fe was allowed to
equilibrate for 1 h at room temperature and at the end of this
period 10 µl of 10 mM TAC was added. The samples were then
left to equilibrate overnight in a laminar flow hood.
The following day, voltammetric measurements were under-
taken using a Metrohm VA 663 Stand with a Hanging Mercury
Drop Electrode (HMDE), glassy carbon working electrode, Ag/
AgCl reference electrode and a µAutolab potentiostat (Eco-
chemie, NL). Each sample was de-aerated for 3 min withs that intercepted non-buoyant hydrothermal plumes at the 5° S Segment, MAR
ations, while open circles are for dissolved Fe (dFe) concentrations measured in
s light transmission (%) detected in real-time, in situ, and used to guide Niskin-
Table 2
Dissolved Fe speciation results
Depth
(m)
[Fe]d
(nM)
Titration 1 Titration 2 Average
[L]
(nM)
Estimated
K′Fe′L
[L]
(nM)
Estimated
K′Fe′L
[L]
(nM)
Estimated
K′Fe′L
2739 2.3 2.52 11.04 n.d. n.d. 2.5 11.0
2759 16.6 n.d. n.d. n.d. n.d. – –
2775 21.6 n.d. n.d. n.d. n.d. – –
2800 4.1 4.22 11.62 4.19 11.42 4.2 11.5
2825 3.2 3.42 11.18 3.41 10.94 3.4 11.1
aSeawater 0.7 0.7–
1.4
11.4–
12.2
[Fe]d is the dissolved Fe concentration (0.4 µm filter). [L] is the total
concentration of natural ligand within the sample and K′Fe′L is the stability
constant of the complex. The titrations were carried out twice for each sample
and [L] and K′Fe′L, were estimated from langmuir transformation of the titration
data. “n.d.” indicates that an organic ligand could not be determined (see text for
explanation). For the shallowest samples at 2739 m, only the first titration
detected a ligand, repeat measurements could not determine a ligand, suggesting
degradation of the sample.
a Seawater data sourced from (Boye et al., 2001; Bergquist and Boyle, 2006;
Cullen et al., 2006).
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onto a fresh Hg drop using a deposition potential of −0.35 V
with an adsorption time of 600 s. Subsequently, a potential scan
was undertaken using differential pulse voltammetry. The strip-
ping current from the adsorbed Fe(TAC)2 was recorded at an
electrode potential of −0.41 V. The Teflon voltammetric cell
was rinsed with deionised water between the analysis of each
sub-sample and sub-samples were run in order of increasing Fe
additions.
3.2.3. CLE–CSV considerations
Previously, CLE–CSV has only been used in organically
dominated oceanic systems. Therefore, to confirm that no false
positives occurred due to the presence of inorganic colloids in
the hydrothermal plumes studied here, it was important to
validate the organic nature of any ligand detected. By using UV
digested open-ocean seawater we have been able to investigate
a purely inorganic system (Van den Berg, 2005) which, when
treated by adding an inorganic Fe(II) spike (Statham et al., 2005)
and allowing its oxidation, mimics the inorganic aspects of a
hydrothermal system. Repeated CLE–CSV analyses at increas-
ing times after the first Fe addition have confirmed an absence of
any organic ligands in the synthetic system, thereby providing us
with strong evidence that a fraction of the ligands observed
within our natural hydrothermal plume samples must indeed be
organic in nature (Town and van Leeuwen, 2005; Van den Berg,
2006).
4. Results
Vertical profiles of TdFe, dFe and light transmission at the
six CTD stations occupied for this study are shown in Fig. 2.
The coincidence of both particle anomalies and elevated Fe
concentrations at greater than 100 m above the seafloor are
diagnostic of the presence of non-buoyant hydrothermal plumes
in this area. Our CTD stations were occupied at locations
ranging between 0.2 and 2.5 km from the nearest known vent-
sources (Table 1) and maximum concentrations fell in the range
12–80 nM for TdFe and 9–64 nM for dFe.
Samples from the shallower plume at CTD 10—the closest
station to the Red Lion vents (Table 2)—were also selected for
speciation studies. An enlarged section of this CTD cast, showing
dFe and TdMn concentrations together with transmissometer
data, is shown in Fig. 3. Descending from above the top of theTable 1
Distances of CTD-stations from nearest known vent-sites
CTD station Latitude Longitude Nearest
vent source a
Range from
nearest source
(km)
6 4°49.50′ S 12°21.87′ W TP 2.0
7 4°46.98′ S 12°23.64′ W RL 2.5
8 4°48.60′ S 12°21.82′ W TP 1.1
9 4°47.68′ S 12°22.03′ W RL 1.0
10 4°47.95′ S 12°22.50′ W RL 0.4
11 4°48.52′ S 12°22.33′ W TP 0.2
a TP is the Turtle Pits vent site and RL is the Red Lion vent site.plume, dissolved Fe concentrations increased from 2.3 nM at
2739m to 16.6 nMat 2759m and 21.6 nMat 2775m—the “core”
of the non-buoyant plume. Below this depth, dissolved Fe con-
centrations decreased to 4.1 nM at 2800 m and 3.2 nM at 2825 m
(Table 2). TdMn concentrations followed a similar pattern, with
concentrations ranging from 2.5 to 29.2 nM (Fig. 3).
Ligands could not be detected in the two “plume-core” sam-
ples because the high dissolved Fe concentrations at these lo-
cations saturated any Fe binding ligands (Boye et al., 2005). This
is an artefact of the CLE–CSV technique which only enables
organic ligand detection when ligand concentrations exceed the
dissolved Fe concentrations. By contrast, ligands were detected
on the upper and lower fringes of the plume. Below the core of the
plume, the two deepest samples had total ligand concentrations of
4.2 nMat 2800m and 3.4 nMat 2825m alongwith correspondingFig. 3. Depth profiles for dissolved Fe (dFe), total dissolvable Mn (TdMn) and
light transmission through the shallower non-buoyant hydrothermal plume at
CTD 10 (Fig. 2) which was chosen for CLE–CSV analysis. Crosses: TdMn;
open circles: dFe; the solid line on the right hand side of the plot indicates light
transmission (%).
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Above the core of the plume, the shallowest sample, at 2739 m
depth, had a ligand concentration of 2.5 nMwith a corresponding
conditional stability constant of K′Fe′L 11.0.
5. Discussion
5.1. Fe distributions
The six CTD stations occupied during this study, spanning
fromNorth to South across the axial summit at the centre of the 5°
S ridge-segment (Fig. 1), all exhibited evidence of non-buoyant
hydrothermal plumes. Distances from the nearest known vent-site
to each station (Table 1) ranged from 0.2 km (CTD 11) to 2.5 km
(CTD 7). Not surprisingly, the strongest anomalies observed
(Fig. 2) were in the profiles for CTD stations 10& 11, occupied at
the very centre of the ridge-segment and immediately adjacent to,
or directly above, known high-temperature vent-sites (Fig. 1).
However, the weakest hydrothermal plume signals were not
observed at the most distal CTD stations (6, 7) occupied 2 km SE
and 2.5 km NWaway from the vent-sites (Figs. 1 and 2). Instead,
it was atCTD stations 8 and 9, occupied just∼1 km from the vent-
sites, but offset away from the axis toward the Eastern rift-valley
wall, that the weakest plume-signals were observed. These
distributions provide strong evidence that along-axis (NW–SE
oriented) flow dominates dispersion of non-buoyant plume
material within this ridge-segment, with much weaker advec-
tion across-axis toward the rift-valley walls.
Another important feature of the data presented in Fig. 2 is that
the depths of the non-buoyant plumes observed during each cast
were not consistent. Further, close to the segment centre, the
profile at CTD 10 revealed evidence for two different hydro-
thermal plumes at∼2750 m and∼2950 m. Two processes mightFig. 4. Density profiles of Fe concentrations and light transmission for CTDs 10 and 1
circles are for dissolved Fe (dFe) concentrations from filtered seawater samples. The
three plumes lie on different isopycnal surfaces indicating that they are each sourcecause this. First, the height rise of a buoyant hydrothermal plume
is a function of both the local water-column's density stratification
and the buoyancy flux associated with any given vent-system
(Lupton, 1995). Thus, two discrete vents situated in the same
ridge-segment might easily give rise to plumes at two different
emplacement heights—either because they were located at dif-
ferent depths on the seafloor or because of different venting
intensities. Secondly, once emplaced, non-buoyant hydrothermal
plumes do not disperse at a constant depth but along isopycnal
(constant density) surfaces. Therefore, during flow over rough
topography, or even during the course of a tidal cycle, the ob-
served height of a single non-buoyant plume can routinely vary by
100 m or more (Rudnicki et al., 1994; Rudnicki and German,
2002). In the latter case, while the depth of a plumemight vary, the
density at which the plume lies would not. Fig. 4 shows the
profiles for CTD stations 10 and 11 replotted against density rather
than depth. What is immediately apparent, is that the two plumes
observed at station CTD 10 (midway between the Red Lion and
Comfortless Cove vent-sites) lie on different isopycnal surfaces
from that of the large plume from CTD 11 (occupied directly
above the Turtle Pits vent-site). Thus, our near-vent plume data
offer clear evidence for three discrete plumes, each sourced by a
different hydrothermal vent. This is entirely consistent with the
three high-temperature vent-sites now known to exist on the
underlying, axial-summit floor (Haase et al., 2007), as well as the
potential for further undiscovered vents in this area.
Down-plume, away from sites of active venting, multiple
plume-layers that formed close to a vent-site typically coalesce
through vertical mixing resulting in a single broad hydrothermal
plume (German et al., 1996). This is apparent in the current study at
CTD 7 which exhibits a broad, particle-rich maximum extending
from ∼2750 to 2950 m depth, at a distance of ∼2.5 km down-
plume from the nearest vent-site (Red Lion). What is particularly1. Closed circles represent total dissolvable Fe (TdFe) concentrations, while open
solid line on the right hand side of each plot indicates light transmission (%). All
d from a distinct high-temperature vent-system in the 5° S ridge-segment.
Table 3
Calculation of Fe (II) oxidation rates at 5°S compared to TAG using the same method of Field and Sherrell (2000)
Depth
(m)
Temp
(°C)
Salinity O2
(μmol kg)−1
pHsws
c pKw
c pOHd K1
e Fe(II) half life
(h)
5° S (Red Lion) 4°47.83′ S 12°22.60′ W a
2700 2.5 34.91 242 7.964 14.082 6.118 0.0255 0.45
3000 2.4 34.90 247 7.957 14.076 6.119 0.0257 0.45
TAG 26°08.20' N 44°49.5′ W b
2985 2.8 34.94 255 7.945 14.057 6.112 0.0279 0.41
3481 2.6 34.92 258 7.924 14.053 6.129 0.0258 0.45
a Oxygen data sourced from WOCE hydrographic program, Line number AR15, 316 N142_3, station 55. Other data sourced from CD169 CTD station 10.
b Oxygen, temperature and salinity data sourced from WOCE hydrographic program, Line number A05, 29HE06_1, station 73.
c pH and pKw calculated using Lewis, E., and D. W. R. Wallace. 1998. Program Developed for CO2 System Calculations. ORNL/CDIAC-105. Carbon Dioxide
Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy, Oak Ridge, Tennessee. Silicate, phosphate, TCO2 and TAlk data used in the
program were sourced as above.
d pOH=pKw−pH.
e logk=21.56−1545/T−3.29I1/2 +1.52I where I=19.9201×S/(103−1.00488×S), where, S is salinity and T is temperature in Kelvin (Millero et al., 1987), k1=
k[OH-]2[O2].
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particulate material but that it retains very high concentrations
(∼20 nM) of dissolved Fe—approximately 30 times higher than
typical deep-ocean values (Bergquist and Boyle, 2006). For a
strong along-axis current of 10 cm s−1 (not uncommon in the deep
Mid-Atlantic Ridge rift-valley (Thurnherr et al., 2002)), a mini-
mum advection time to this location can be calculated of∼7 h. This
is long compared to the predicted dissolved Fe(II) oxidation rate
for the local deep water-column (Millero et al., 1987; Millero,
1998) which has a calculated dissolved Fe(II) oxidation half-life of
∼27 min (Table 3)—nearly identical to that for the TAG hydro-
thermal field at 26°N, Mid-Atlantic Ridge (Field and Sherrell,
2000).
For a typical dissolved Fe vent-fluid concentration of 1 mM,
we can predict a 104-fold dilution during buoyant plume mixing
to ∼100 nM at the top of the buoyant plume (McDuff, 1995)
followed by a further reduction to the observed concentra-
tions at CTD 7 of ∼20 nM within just ∼1 h (2 half-lives). By
contrast, the advection time to CTD 7 from the nearest vent-site
at 10 cm s−1 would be equivalent to 15–16 dissolved Fe(II)
half-lives. To travel the same distance within just 1 h would
require advection at quite unprecedented deep-ocean current
velocities of ∼70 cm s−1.
A more plausible explanation for the higher-than-predicted
dissolved Fe concentrations is that our operationally defined
(b0.4 µm) dissolved Fe fraction includes both truly dissolved
and colloidal Fe species. In the open oligotrophic Atlantic and
Pacific Oceans it has been argued that a significant proportion of
dissolved Fe is actually in colloidal form (Wu et al., 2001) and it
is known that total dissolvable Fe (i.e. dissolved and particulate
forms together) can be advected quantitatively within non-
buoyant plumes over 4–5 km length-scales (Hudson et al., 1986;
Klinkhammer and Hudson, 1986; German et al., submitted for
publication). There is also the possibility that a significant
proportion of the dissolved Fe present within the 5° S
hydrothermal plumemay have been stabilised as soluble organic
Fe complexes, similar to the stabilised dissolved Fe complexes
present in the open-ocean, as well as stable dissolved Fe-sulfide
clusters, formed immediately post-venting (Luther et al., 2001).5.2. Fe speciation in the plume
To investigate whether stabilising ligand complexes are,
indeed, present in non-buoyant hydrothermal plumes, we have
carried out speciation studies across the shallower plume at
CTD station 10. As noted above, Fe concentrations in the centre
of the plume were so high that they saturated any ligands
present. For samples immediately above and below the plume
core, however, our analyses have revealed ligand concentrations
in the range 2.5–4.2 nM (Table 2), compared to 0.7–1.4 nM in
the open ocean (Boye et al., 2001; Cullen et al., 2006). These
concentrations are 3.6 to 6.0 times higher than open-ocean
dissolved Fe concentrations (0.7 nM (Bergquist and Boyle,
2006)). The total ligand concentrations detected are not solely
expected to be the result of organic complexation, as the pre-
sence of complex inorganic Fe-stabilising ligands, should also
be expected to occur as part of this stabilised Fe fraction (Town
and van Leeuwen, 2005). Between 2825 m and 2800 m, the
ligand concentration increased from 3.4 nM to 4.2 nM toward
the plume-core. This mimics the gradient seen for Mn vs. depth
at CTD 10 (Fig. 3), which increases from 3.3 to 4.7 nM over the
same depth range, indicative of mixing between the plume's
interior and the surrounding (both overlying and underlying)
water column.
Of course, as demonstrated in the Atlantic Ocean, a fraction
of this dissolved Fe is likely to be colloidal (Wu et al., 2001;
Cullen et al., 2006). In a recent Fe enrichment experiment in the
Southern Ocean (Boye et al., 2005) it was reported that imme-
diately after Fe addition, the concentration of ligands in the
b200 kDa fraction (soluble) only represented 55% of the total
ligand present in the b0.2 μm fraction (soluble and colloidal).
However, whatever their size-distribution and chemical nature,
the “coarser” ligands were still stabilising Fe and preventing
aggregation of large particles that would remove Fe to the
seafloor (Boye et al., 2005). Further, what is at least as impor-
tant to note is that even at their most dilute, the concentrations of
ligand measured on the fringes of the non-buoyant plume in
CTD 10 were significantly higher than typical deep-ocean
values. While higher concentrations have been measured in
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Sea (Witter and Luther, 1998; Witter et al., 2000), Cullen et al.
(2006) measured much lower ligand concentrations, down to
1.22 nM, in deep-waters closer to our study site, in the open
South Atlantic Ocean. We argue, therefore, the simple entrain-
ment of deep open-ocean waters into buoyant hydrothermal
plumes at 5° S cannot account for the elevated levels of ligand at
near-plume height reported here. Rather, some additional source
must exist. Further, because ligand concentrations increased
toward the core of the non-buoyant plume, the ligand source
must be present during the process of plume emplacement and
cannot be attributed, for example, to zooplankton that graze on
the fringes of non-buoyant plumes (Burd et al., 1992; Vereshchaka
and Vinogradov, 1999; Cowen et al., 2001) because any ligands
sourced from outside the plume-core would be expected to exhibit
a decreasing concentration inward.
Equally, it does not seem plausible that end-member vent-
fluids should be the source of the high organic ligand concen-
trations measured: complex organic molecules are only stable in
high-temperature vent fluids under exceptional circumstances
such as sediment-hosted hydrothermal systems (e.g. Guaymas
basin, Middle Valley, Juan de Fuca Ridge)(Pearson et al., 2005;
Cruse and Seewald, 2006) or, in bare-rock environments, at
ultramafic-hosted vents sites such as the Rainbow hydrothermal
field, MAR (Holm and Charlou, 2001). The 5° S hydrothermal
vents, by contrast, are hosted in freshly-erupted basaltic lavas
and show none of those characteristics (Haase et al., 2007).
The most likely source of dissolved organic matter that may
be entrained into the hydrothermal plume, therefore, is from
areas of diffuse flow adjacent to the high-temperature vent-sites.
Diffuse systems, typically, host the most abundant chemosyn-
thetic communities associatedwith seafloor hydrothermal venting
and within these environmental niches, dissolved organic carbon
concentrations have been observed that reach concentrations of
39–69 µM, up to approximately double background deep-ocean
waters (Lang et al., 2006). In support of this argument, organic
copper-binding ligand concentrations have recently been reported
for diffuse-flow fluids from above a mussel field south of Lilliput
(9°33.01′S, 13°12.38′ W)(Koschinsky et al., 2006a) that reach
concentrations of up to 0.6 μM (Sander et al., 2007). These ligand
concentrations represent an 8-fold excess over the total Cu pre-
sent, indicating an abundance of free ligand sites that could
potentially be available for Fe complexation if such fluids were,
indeed, entrained into an adjacent, buoyant hydrothermal plume.
Such early entrainment of organic matter, into the base of
buoyant hydrothermal plumes, would be important because we
predict that organic complexation of Fe(III) must take place
immediately after the oxidation of dissolved Fe(II) and before
Fe could precipitate in the form of crystalline hydrolysis pro-
ducts. Because Fe(II) oxidation kinetics slow progressively
along the thermohaline conveyor (Field and Sherrell, 2000;
Statham et al., 2005) this implies that the time period for such
complexation to occur should increase along the same trajectory
from the Atlantic to Indian and Pacific Oceans, as long as there
is an excess of ligand available. At our study site complete Fe
(II) oxidation would be predicted to occur in the first few hours
after venting (see previous section). Therefore, all complexationwith organic ligands should either occur within the buoyant
hydrothermal plume or within the youngest portions of the non-
buoyant plume, immediately overlying the vent-site (Rudnicki
and Elderfield, 1993; Field and Sherrell, 2000). This would be
perfectly feasible if the principal source of ligand were, indeed,
from entrainment of diffuse flow waters at the base of the
buoyant plume followed by mixing and commencement of Fe-
complexation during plume-rise.
There is also the potential for organically complexed Fe(II)
species to be present in the stabilised dissolved Fe fraction
(Hopkinson and Barbeau, 2007). Complexation of Fe(II) would
be dominant during buoyant plume rise because of the high
abundance of Fe(II) species leaving the high-temperature hydro-
thermal vents and diffuse flow areas. The presence of such
complexes would reduce the rate of Fe(II) oxidation enabling the
dissolved Fe(II) to be exported to the non-buoyant plume. Fe(II)-
ligand complexes have already been hypothesised to be present in
the vent environments in order for Fe oxidising bacteria to control
Fe(II) oxidation during Fe sulfide dissolution (Edwards et al.,
2004). But unfortunately at present no methods exist for the
measurement of dissolved Fe(II)-ligand complexes.
5.3. Ligand-stabilised hydrothermal Fe and the global mass
balance
The most recent estimation of the global volume flux for
seawater passing through high-temperature hydrothermal vent-
ing is 7.2×1012 kg y−1, calculated using chemical and isotopic
mass balances of the element thallium (Nielsen et al., 2006).
Allowing for ∼104-fold dilution in buoyant hydrothermal
plumes (McDuff, 1995), this equates to a 7.2×1016 kg y−1 flux
of combined vent-fluid and oceanic deep-water entering non-
buoyant hydrothermal plumes, worldwide. If we took our new
measurements of stabilising Fe ligands (4.2 nM) at CTD 10 as
representative of young non-buoyant plumes in general, with
the assumption that in the core of the plume these ligand
concentrations may be even higher (because of less dilution),
this would imply that the flux of such stabilising ligands through
hydrothermal plumes would be at least 3.0×108 mol y−1.
Assuming 1:1 complexation, this would be accompanied by a
global flux of hydrothermal Fe, stabilised by entrained ligands,
which would also be estimated as N3.0×108 mol y−1. This
compares to a gross hydrothermal Fe flux of 7.2×109 mol y−1
assuming a nominal vent-fluid dissolved Fe concentration of
1 mM (Range=5.4–47×109 mol y−1 for end-member Fe con-
centrations of 0.75–6.5 mM (Elderfield and Schultz, 1996))—i.e
our predicted flux of ligand-stabilised Fe passing through hydro-
thermal plumes would only represent ∼4% of the global total
(Range: 0.6–5.6%). Even so, this small proportion of the gross
hydrothermal Fe flux, could still have a significant impact on
global deep-ocean dissolved Fe budgets.
The volume of the global deep-ocean is 2.6×1020 L (Libes,
1992). Assuming a uniform deep-ocean dissolved Fe concen-
tration of 0.7 nM (Bergquist and Boyle, 2006), we can calculate
an instantaneous standing stock of deep-ocean dissolved Fe of
1.9×1011 mol of which 30–70% is potentially present in colloidal
form (cf this study)(Wu et al., 2001). To maintain steady state,
Fig. 5. Flux diagram for hydrothermal inputs of Fe to the deep-ocean (see text for explanation). Lo is the ligand entrained from the open ocean and Ld is the ligand
entrained from the diffuse flow areas.
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1994), the required input flux of Fe to the oceans is 1.4–2.7×
109 mol y−1. Combining the above, we can conclude that the
predicted ligand-stabilised flux of Fe from hydrothermal systems,
which likely represents no more than ∼4% of the global hydro-
thermal discharge, is nevertheless sufficient to supply some 11–
22% of the dissolved Fe present throughout the global deep-
ocean. This mass balance is summarised in Fig. 5.
While our work is only preliminary—there has been no prior
investigation of Fe-ligand interactions in deep-sea non-buoyant
hydrothermal plumes—we believe the results are significant. If
hydrothermally-sourced Fe is prevalent throughout the deep-
ocean then the possibility exists that seafloor hydrothermal
venting, which interacts with the entire volume of the deep-
ocean over timescales of a few thousand years (Elderfield and
Schultz, 1996) might be more closely coupled than has pre-
viously been recognised with upper ocean processes—where Fe
can act as a limiting micronutrient in HNLC regions (Morel
et al., 2004). Key to this argument is the recent demonstration
that mantle sourced dissolved 3He from non-buoyant hydro-
thermal plumes overlying the southern East Pacific Rise (where
hydrothermal plumes are at their most abundant (Baker and
German, 2004)) is, indeed, upwelled to the surface waters of the
Southern Ocean, as a simple result of flow along isopycnal
surfaces (Jenkins et al., 2007; Winckler et al., 2007). Of imme-
diate future interest, therefore, is whether this same transport
mechanism, from hydrothermal plume depths to surface ocean
interactions might also be important for other dissolved hydro-
thermal tracers.
6. Summary
We have investigated the fate of Fe in a series of non-buoyant
hydrothermal plumes dispersing away from vents near 5° S,
Mid-Atlantic Ridge and found that the dissolved Fe concentra-
tions at plume height are higher than would be predicted fromdissolved Fe(II) oxidation-rates alone. Detailed speciation
studies have revealed that a fraction of the dissolved Fe present
is stabilised by Fe-complexing ligands and measurements of
those ligand concentrations lead us to calculate that ∼4% of the
total Fe released from the 5° S vents may be stabilised in this
way. If the results reported here were representative of all
hydrothermal systems, it would imply that high-temperature
venting may provide the source for 11–22% of the global deep-
ocean dissolved Fe budget and, hence, that submarine venting
may provide an important, previously-overlooked, source of
dissolved Fe in global-ocean biogeochemical cycles.
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